[1] The abundance of plasma in the daytime ionosphere is often seen to grow greatly during geomagnetic storms. Recent reports suggest that the magnitude of the plasma density enhancement depends on the UT of storm onset. This possibility is investigated over a 7 year period using global maps of ionospheric total electron content (TEC) produced at the Jet Propulsion Laboratory. The analysis confirms that the American sector exhibits, on average, larger storm time enhancement in ionospheric plasma content, up to 50% in the afternoon middle-latitude region and 30% in the vicinity of the high-latitude auroral cusp, with largest effect in the Southern Hemisphere. We investigate whether this effect is related to the magnitude of the causative magnetic storms. Using the same advanced Dst index employed to sort the TEC maps into quiet and active (Dst < -100 nT) sets, we find variation in storm strength that corresponds closely to the TEC variation but follows it by 3-6 h. For this and other reasons detailed in this report, we conclude that the UT-dependent peak in storm time TEC is likely not related to the magnitude of external storm time forcing but more likely attributable to phenomena such as the low magnetic field in the South American region. The large Dst variation suggests a possible system-level effect of the observed variation in ionospheric storm response on the measured strength of the terrestrial ring current, possibly connected through UT-dependent modulation of ion outflow.
Introduction
[2] Over the past 15 years, significant new details of the global-scale morphology of the positive ionospheric storm have been revealed by new imaging techniques. The positive storm is a regional-scale condition of the ionosphere occurring during geomagnetic disturbances during which plasma densities are driven above values normally observed during quiescent periods [Buonsanto, 1999] . New imaging techniques have provided regional and global-scale maps of the storm time variation of ionospheric density, using radio occultation, ultraviolet imaging, and active radar approaches, described later in this report. The key point is the new recognition that the morphology of storm-enhanced density exhibits remarkable structure with sharp boundaries, with concomitant effects in the ionosphere and plasmasphere [Foster et al., 2002; Goldstein, 2006] . A new view of the geospace system has thus emerged that opens additional questions about the coupling and interaction of ionospheric and magnetospheric plasma. In particular, one must consider the roles of feedback processes and system preconditioning when evaluating the behavior of coupled systems.
[3] This report seeks to describe the fundamental change in the ionosphere during periods of high geomagnetic activity. As will be shown, the predominant effect is the daytime enhancement in ionospheric plasma density, deduced from measurements of enhanced electron content derived from radio occultations. This growth in ionospheric plasma densities during geomagnetic storm periods has been previously investigated at length [cf. Mendillo et al., 1970 Mendillo et al., , 1972 Buonsanto, 1995] , with a number of competing effects identified as playing some role in driving these changes including large-scale gravity waves [Immel et al., 2001; Prölss, 2008] , magnetospheric convection electric fields [Lanzerotti et al., 1975; Foster, 1993] , and storm time wind disturbances [Jones and Rishbeth, 1971; Anderson, 1976] . Each of these effects clearly can affect the ionosphere individually. It is usually a question of which are operative in particular geographic regions/local times, combining or interacting with another driver, and during which phase of a particular disturbance they occur or dominate.
[4] The main F layer is not the only region where enhanced ionospheric plasma densities are observed during geomagnetic events. The flow of terrestrial ionospheric O + from the polar regions into the surrounding magnetosphere during geomagnetic storms contributes to enhanced plasma pressure and pressure gradients in the inner magnetosphere during the hours that follow storm onset. This effect has been discerned by numerous spaceborne experiments [cf. Sharp et al., 1976; Daglis et al., 1993; Lui et al., 2005] , and the processes are captured in sophisticated numerical models of the ring current [Fok et al., 1993; Liemohn et al., 1999] and of the overall solar wind-magnetosphereionosphere coupling [cf. Zhang et al., 2007] . Combined with enhanced density and earthward convection of magnetospheric plasma originating in the solar wind, an increase in the westward oriented magnetospheric "ring current" encircling the earth is observed during storms. This current results in a reduction of the northward oriented terrestrial magnetic field measured at low and middle latitudes [Clauer and McPherron, 1974; Akasofu, 1981] . Though the oxygen ions are lost rapidly (relative to the normally greater proton population) through charge exchange reactions with the hydrogen exosphere, they are estimated to constitute 50% or more of the total magnetospheric ring current at the peak in its intensity during the main phase of strong geomagnetic storms [Daglis, 1997; Liemohn et al., 1999] .
[5] It is in this context that we research the development of ionospheric enhancements during magnetic storms. For the fact that ionospheric plasma is a key constituent of the magnetospheric plasma during storms, it is possible that the enhancement of ionospheric plasma densities, the various processes that produce that effect, and the resultant longitudinal and local time dependencies in plasma production and transport may affect how the magnetosphere is loaded with ionospheric plasma.
[6] An important, limiting condition on the flux of outflowing plasma is the abundance of ionospheric O + in the high-latitude outflow region. Some key processes exert control over said abundance and are briefly noted here. Locally, ionization by solar EUV radiation is the primary source, with chemical recombination acting as the primary sink, mainly by interaction with N 2 [Hunsucker and Hargreaves, 2002] . As auroral precipitation sources increase, a region of progressively higher thermospheric [N 2 /O] column concentration ratio develops in response to upwelling of molecular species driven by auroral and Joule heating of the neutral gas [Prölss, 1980; Prölss and Roemer, 1987; Nicholas et al., 1997] . Secondary sources such as lowenergy auroral precipitation and recombination losses such as that due to increased plasma convection are more variable. Due to the constant circulation of the thermospheric gas during storms, a slowly growing region with higher chemical loss rates develops in response to hours of accumulated heating around the auroral zone [Roble, 1977; Fuller-Rowell et al., 1996] . This region impinges upon the daytime ionosphere with a delay of 3-6 h [Immel et al., 2001] . Therefore, early in a geomagnetic storm, the daytime O + abundance can be readily enhanced by advection of O + -rich plasma into the daytime cusp region from lower latitudes, avoiding passage through regions of high chemical loss rates. As the magnetospheric convection expands to lower latitudes where ion production driven by solar EUV is greatest and the tilt of the magnetic field toward the equator increases, plasma is generally convected poleward and to higher altitudes (v 
2 ). This has the effect of reducing recombination and providing an additional enhancement over what would be expected to arrive in the vicinity of the cusp through only direct (horizontal) transport [Foster, 1993; Heelis et al., 2009 ].
[7] The new capability for measuring the global-scale redistribution of ionospheric plasma during storms, made possible by satellite constellations like the Global Positioning System (GPS) combined with extensive ground networks of dual-band GPS receivers [Mannucci et al., 1998; Kintner et al., 2003] as well as ultraviolet imaging of ionospheric plasma from space, reveals global-and regionalscale ionospheric structures that emerge during geomagnetic storms Immel et al., 2005] . The ionosphere develops large regions of storm-enhanced density (SED) on the dayside, extending from middle latitudes after noon to high latitudes near noon, the latter being the general vicinity of field lines that extend out to the magnetospheric cusp. Plasma rapidly streams along the poleward boundary of these regions at speeds of 1 km s -1 and higher [Foster, 1989; Pryse et al., 2004] , driven by electric fields in flow channels known as subauroral polarization streams (SAPS) [Goldstein et al., 2003] . The SAPS phenomenon, and associated rapid transport of O + from middle to high latitudes, clearly has the potential to affect the abundance of plasma in the high-latitude outflow region. As such, it is a key process that has only recently been considered in the global context of the system-level effects of ionospheric outflow during storms.
[8] Numerical simulations by Zeng and Horwitz [2008] demonstrate the importance of these storm time transport effects in enhancing high-latitude ion outflow from the daytime cusp. Their work showed that the enhancement of F region densities in the cusp by a SAPS-driven plume could contribute to ion outflow in a manner similar to the precipitation of soft electrons, another key factor in the regulation of outflow [Strangeway et al., 2000] . Furthermore, if these storm time plasma transport effects vary with longitudinal sector as recent observations suggest Coster et al., 2007] , a corresponding UT variation in outflow flux, inner magnetospheric plasma pressure, and, ultimately, geomagnetic storm strength may exist. Thus, it is important to undertake a systematic investigation of the redistribution of plasma during geomagnetic storms. Here this is performed using 7+ years of data-driven, global-scale assimilative maps of ionospheric density. If there is a dependence of the density of storm-enhanced density effects on UT, then a signature of that effect may be evident in this database.
GPS Total Electron Content Maps
[9] To obtain a consistent global measure of ionospheric conditions, we make use of global maps of ionospheric total electron content (TEC). These are created from GPSdetermined TEC and provide 2.5 ı 5.0 ı latitude-longitude resolution in 2 h time steps. The maps are openly available, determined at Jet Propulsion Laboratory (JPL) using the method described by Mannucci et al. [1998] , using approximately 98 ground stations from 1999 to 2005 and nearly 200 stations in subsequent times up to the present day. The 2 h averaging and large spatial bins effectively smooth sharp gradients but are sufficient to determine the average globalscale storm and quiet-time ionospheric behavior. Data from 7 full years (1999) (2000) (2001) (2002) (2003) (2004) (2005) and the latter half of 1998 are used, ordering the data into two major bins of low and high activ- maximum. To evaluate changes in the ionosphere produced by storms, the ratio of high to low activity TEC can then be compared at any geographic/magnetic location and/or local time.
[10] Two example maps showing inputs to the quiet and storm bins of data are shown in Figure 1 . For this study, the level of the geomagnetic storm index, Dst, provides the sole criterion for determination of quiet and active times. . These times are selected to demonstrate representative changes in ionospheric plasma distribution produced by geomagnetic storm inputs under similar seasonal conditions. Simple visual inspection reveals major differences that are evident at all latitudes. One outstanding storm effect is the major storm time TEC enhancement at middle latitudes in daytime (noon is at -165 longitude). Large density enhancements over the northeastern Pacific and west coast of North America are evident, with steepened gradients in TEC around this feature. At lower latitudes, a significant reduction in TEC at the equator is evident, and at higher latitudes a trail of enhanced plasma density describes a path of plasma transport from dayside to night. This particular signature is due to the rapid advection of daytime plasma across the polar cap by enhancement in storm time magnetospheric convection and polarization electric fields [Basu and Valladares, 1999; Foster et al., 2005] .
[11] Away from the still highly accentuated equatorial bands and polar cross-cap plasma signature, nighttime plasma densities are lower in the storm time image. Though this presentation lacks additional information necessary to draw particular conclusions, reduced nighttime TEC may likely be attributed to storm effects including enhanced O + recombination rates due to both enhanced high-latitude convection [Rodger et al., 1992; Zou et al., 2011] and transport of molecular-rich parcels of heated thermospheric gas out of the polar cap and into the nighttime middle-latitude ionosphere [Prölss and Roemer, 1987] .
Sorting JPL-TEC by UT and Dst LG
[12] The year 2000 image on the left of Figure 1 shows data that were added to the "quiet" data set, and the year 2003 image on the right shows data that were added to the "active" set. These are selected for the mean value of Dst occurring during the 2 h window, the hourly index of geomagnetic activity. This index has been determined since the International Geophysical Year (1958) using measurements from four middle-latitude magnetometers separated from one another by roughly 90 ı of longitude [Sugiura, 1964] . In the determination of Dst, diurnal changes in overhead ionospheric electric currents are determined and subtracted in order to improve the use of Dst as a measure of inner magnetospheric currents. To date, the most exhaustive treatment and removal of diurnal ionospheric currents has been performed by Love and Gannon [2009] , producing what is termed the D
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index. Its sophisticated quiet-time (Sq) current subtraction obviates several problems with the original method by which Dst is determined, in particular a UT-dependent effect identified recently by Mursula et al. [2010] . We select D
for this statistical analysis of geomagnetic storms and refer to it hereafter simply as Dst LG .
[13] Two sets of mean TEC maps are determined from the 7+ year TEC data set: "quiet" for Dst LG > -50 nT and "active" for Dst LG < -100 nT. These are determined for the 12 two-hour steps of UT in both activity ranges. The number of samples (complete maps) loaded in each set is saved, as well as the total of all mapped TEC values squared, to evaluate the statistical distribution of TEC values.
Geographic Maps of Mean JPL-TEC: Active Versus Quiet
[14] The mean TEC observed in each of the bins is shown in Figure 2 . With 12 TEC maps a day for over 7 years, there are roughly 45,000 sample maps, 90% of which are grouped in the quiet bin ( Figure 2a ) and 2% in the active bin ( Figure 2b ). The data in the intervening Dst range are not shown. In each map the continents are shown and "Noon" is indicated with a vertical line, with UT of the 2 h maps increasing from top to bottom on the page. Even with the major difference in sample size and geomagnetic conditions, the overall features of quiet and storm times do not appear exceedingly different, exhibiting the same progression of high TEC near the equator toward the west and extended bands of high TEC about the magnetic equator into nighttime. To reveal the major changes that do occur under storm conditions, differences between the active and quiet cases in each UT bin are determined and shown in Figure 3 .
[15] The TEC differences in each UT range (active TECquiet TEC) are shown in Figure 3a . A mean storm time enhancement of 10-30 TECU (total electron content units; 1 TECU = 10 16 el m -2 ) is observed over most low-latitude locations, with some TEC reductions at middle and high latitudes. The enhancement is generally greatest in daytime, extending across the noon sector with a postnoon peak. Interestingly, as the noon line crosses the Pacific beginning around 20 UT, the region of heightened TEC remains in the afternoon sector (east of the noon line) over the Americas. This region continues to exhibit a storm time enhancement higher than that observed in the noon sector until 4 UT. This is remarkable for the fact that by this time the Eastern Pacific has been in the dark for several hours. Thus, the enhancement is likely a signature of earlier storm time production in sunlit conditions. This tendency for TEC to grow rapidly in a geographic sector and then corotate was described by Foster et al. [2005] as a plasmaspheric bulge. It is also in this sector where the most significant two-banded structure appears in the afternoon, another indication of greater uplift and plasma production in daytime in the American sector as compared to others. Some possible explanations of this longitudinal variation are discussed in the following sections of this report.
[16] The global-scale changes in TEC are also generally consistent with expected changes in thermospheric composition. These changes are driven by auroral and Joule heating [Prölss and Craven, 1998; Immel et al., 2000; Strickland et al., 2001] , primarily resulting in greatly enhanced molecular mixing ratios throughout the column of thermospheric gas at high latitudes. This high-latitude composition disturbance effect expands to lower latitude through meridional transport by enhanced thermospheric winds [cf. Fuller-Rowell et al., 1991] with the effect of reducing ionospheric densities through chemical recombination. On the other hand, at middle to low latitudes the convergence of storm time winds can enhance downward transport, with the result of enhancing the relative abundance of light atmospheric constituents including atomic oxygen. Previous reports of this effect have found it to be particularly effective in the afternoon and later local times [Burns et al., 1995; Immel et al., 2001] . On the overall time scale of a magnetic storm (12-36 h), this composition effect combines with other wind and electric field effects to enhance low-latitude O + production during storms.
[17] In the storm time TEC averages presented here, composition effects are at least partly responsible for the middle-latitude reduction in TEC that is most evident around the times when the auroral oval and respective magnetic pole are tilted toward the dayside (4-10 UT in the Southern Hemisphere and 16-24 UT in the Northern Hemisphere) [Nicholas et al., 1997; Prölss and Craven, 1998 ]. Near the equator, the overall enhancement of TEC could be supported in part by redistribution of thermospheric constituents and downward transport of atomic oxygen near the equator. However, composition variation has never been shown to vary in a manner that would account for the change in the structure of the TEC enhancement with UT or the general preference for larger enhancement in the American sector.
[18] Examining the TEC differences as percent changes from quiet levels ( Figure 3b) gives additional insight into the storm time variations. First, one can again see that the South American sector suffers the largest TEC enhancement during storms, from 18 UT to 4 UT (from 14 to 24 LT in Central South America) . Another storm effect can be seen: the morning sector (west of the noon line) shows a very consistent increase over quiet-time values at every UT. Because the morning sector densities are relatively low, viewing differences in percent of TEC reveals this interesting effect. Unlike the postnoon enhancement, the local time of the greatest morning enhancement is regularly 4-6 h from noon, close to the morning terminator. One possible explanation for this enhancement is the favorable thermospheric composition that develops during storms (discussed above) where production of O + may immediately exceed quiet-time levels with the arrival of daylight. Further investigation of this secondary effect is an appropriate topic for a separate research effort and is outside the scope of this report.
[19] In summary, storm time TEC enhancements are observed broadly in latitude and longitude, with most significant enhancement and structuring observed after 18 UT in the afternoon sector. This UT/LT combination corresponds to the American longitudinal sector, and only in this sector does the enhancement persist well after sunset. The Asian sector also shows a strong storm time enhancement, but it is situated over the magnetic equator, while the American enhancement grows on either side of the equator, with much larger area of relative (percent) enhancement extending to middle latitudes, both north and south.
Magnetic Maps of Mean JPL-TEC: Active Versus Quiet
[20] To examine how these TEC variations might affect conditions in locales such as the daytime cusp, the JPL-TEC data are remapped to geomagnetic coordinates (magnetic latitude and local time) using the Magnetic Apex Coordinates (APEX) system [Richmond, 1995] and binned in the same active and quiet bins using Dst LG and UT. We then are able to focus on some of the regions of interest, the cusp, and middle-latitude morning and afternoon sectors. In Figure 4 we compare morning and afternoon TEC enhancements with values in the cusp; we can quantify the relationship between middle and high latitudes, separately for the Northern and Southern Hemispheres, and look at the UT dependence of storm time cusp TEC enhancement.
[21] Examples of quiet and active average TEC maps at 1700 UT are shown in magnetic coordinates in Figures 4a  and 4b , respectively. To quantify storm effects on TEC, the active/quiet TEC ratio for the 2 h period centered at 1700 UT is determined and shown in Figure 4c . The enhancement of plasma densities in the afternoon sector that is evident during magnetic storm events (e.g., Figure 1 ) is also evident here, extending into the auroral zone near noon and then more broadly around high latitudes on the nightside. As noted earlier, storm-driven increases in the ratio of N 2 to O in the thermosphere are the likely cause for reduction of TEC in the morning sector and much of the auroral zone [cf. Strickland et al., 2001; Immel et al., 2006] .
[22] Mean active/quiet ratios from representative regions of the morning, cusp, and afternoon are determined from these magnetically mapped TEC ratios for each UT bin and shown in the bottom row of Figure 4 . The representative regions are visually described for the Northern Hemisphere in Figure 4c . The coordinates of the regions are determined in terms of magnetic local time and latitude (reported in the figure caption). Graphs show the respective hemispheric ratio values from the morning, cusp, and afternoon regions in Figures 4d, 4e , and 4f, respectively. There are several interesting features to note. First, while the morning sector shows no significant UT-related trend in either hemisphere (Figure 4d ), the Southern Hemisphere shows generally lower ratios than those in the Northern Hemisphere. This is possibly due to the larger offset of the auroral oval from the geographic pole, which would introduce greater storm heating effects and related composition disturbances at middle latitudes (in both geographic and geomagnetic coordinates). As noted earlier, geographic maps of active-quiet TEC differences show that this may be the case (see Figure 2) . However, numerical simulations of the auroral-atmospheric interaction should be called upon to evaluate cause of this interhemispheric effect. Overall, the morning sector shows a very different behavior than the cusp or afternoon sector, as we now describe. [23] In the region of the cusp (Figure 4e ) active/quiet TEC ratios in the north show mainly small variations. In the southern cusp, a more pronounced variation is found with values increasing from 0.7 at 9 UT to just over unity at 19 UT, a 40% relative enhancement. The trends with UT seen in the cusps are reflected to varying degree at middle latitudes (Figure 4f) , with more than a 40% enhancement in middle-latitude TEC in the south late in the day. The Northern Hemisphere shows a more significant temporal variation in the afternoon than either the morning or the cusp, but it is smaller than the variation in the southern afternoon.
[24] In summary, significant variation in the storm time response of ionospheric TEC is evident in afternoon middle latitudes and in the vicinity of the auroral cusp. Perhaps unremarkably, no UT-dependent effect is seen in the morning sector. This is consistent with our knowledge of the formation of storm-enhanced density and SAPS, that "positive storm" effects are largely confined to the afternoon and evening sectors.
Relation of TEC Variability to Dst LG
[25] Before further discussion of the large differences in storm time TEC variability versus geographic and geomagnetic location, it is of interest to examine the UT variation of the mean Dst LG values that were used to identify active TEC maps. It is reasonable to suspect that, on average, more significant storm forcing could be occurring near the time of the afternoon/cusp TEC peak (18 to 24 UT) and so would be reflected in Dst LG . However, "active" Dst LG could also be relatively invariant versus UT or vary in a manner unrelated to the TEC values. In any case, the possible physical connection between Dst LG and storm time TEC must be considered before any conclusion can be made regarding the apparently variable effectiveness of storm forcing in producing TEC enhancement.
[26] The mean storm time Dst LG of the active period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) ) is shown in Figure 5 (black line), with the range of one standard deviation of the mean Dst LG indicated with dashed lines. Values range from -134 nT (at 14 and 19 UT) to a minimum of -172 nT at 23 UT. This is a significant variation with a single peak, much like the variation in cusp and middle-latitude TEC.
[27] For comparison, the storm/quiet TEC ratio at afternoon middle latitudes (the average of both northern and southern regions from Figure 4 ) is calculated and overlaid (blue line). The correspondence of this middle-latitude mean TEC ratio to the Dst LG variation is striking, though the variation is nearly opposite, with a maximum TEC ratio at 22 UT versus a minimum in Dst at 23 UT. Directly compared, the correlation coefficient of these data sets is r = -0.38. Further analysis finds the largest anticorrelation of r = -0.87 if the TEC data are delayed by 3 h (shifted forward in time).
[28] The cusp data, where northern and southern values are combined in a manner identical to the middle-latitude ratios, demonstrate positive correlation with mean storm Dst LG when directly compared (r = 0.36) but are strongly anticorrelated (r = -0.83) when the TEC data are delayed by 6 h. In both middle latitude and cusp comparisons, the largest absolute value of r is the negative value reported here. From this it is clear that beyond the comparison of the timing of the single 24 h peak in mean TEC and Dst LG , periodic components in the daily variability with frequencies shorter than 24 h are more likely to be anticorrelated as well.
[29] The significant correlation between the parameters and the timing of the peak in anticorrelation informs the interpretation. Were there an indication of the peak in storm strength occurring before or at the time of greatest ionospheric enhancement, the TEC enhancement could clearly be explained as the result of stronger magnetospheric forcing.
That is, the UT effect in Dst LG could be indicative of greater geomagnetic storm driving with the subsequent natural effect being the creation of larger ionospheric disturbances. This hypothesis would be supported if the Dst minimum preceded the peak in the middle-latitude ionospheric disturbance on the known time scales of ionospheric plasma density buildup: approximately 90-180 min [cf., Tsurutani et al., 2004; Mannucci et al., 2005] . This analysis shows the opposite: a peak in measured magnetospheric current density following the measured peak in TEC enhancement, shifted 6 h or more from what would be expected if storm drivers associated with Dst were causative (based upon the 3-6 h middle and cusp latitude TEC enhancement prior to the Dst minimum).
[30] At this point, it is important to consider this result in the context of previous studies of geomagnetic activity as quantified by indices such as Dst index. The main question is whether one should reasonably expect the particular UT-dependent signature in Dst LG shown in Figure 5 from any previously determined source. We investigate this in the following section.
UT Dependence of Dst LG
[31] To evaluate how the UT-dependent, storm time ionospheric redistribution may be related to the variation in Dst LG , it is important to understand the underlying trends in the Dst LG index and the current understanding of their sources. Previous work using Dst is reviewed briefly here, and the major effects are shown to be evident in Dst LG . Following that, the storm time Dst LG variation (Dst LG < -100 nT) in the full available range of data from 1958 to 2006 is evaluated for comparison to Dst LG in the GPS era alone. The point of this latter analysis is to determine whether the UT-dependence seen in the GPS era is observed in the broader set of data available back to the International Geophysical Year.
[32] Early studies revealed one of the main underlying trends of geomagnetic activity: a semiannual variation in externally driven disturbance [Chapman and Bartels, 1940] . This is exhibited by more "disturbed days" and negative average Dst values around equinoxes. This annual variability is evident in averages of both Dst and Dst LG . To show this effect, the mean value of hourly Dst LG is determined for the 1958-2006 epoch and shown in Figure 6a . There is a clear periodic signature organized by month of the year that represents a strong semiannual variation in mean Dst LG . This is the previously noted effect evident in the regular Dst index. The semiannual behavior was explained by Russell and McPherron [1973] as a consequence of seasonal changes in the alignment of Earth's magnetic field with the field embedded in the solar wind, which when favorably aligned promotes the transfer of matter and energy from the solar wind into the magnetosphere.
[33] This solar wind/magnetosphere interaction has a UT dependence as well, with a mean Dst minimum at 22 UT in March and 10 UT in September [O'Brien and McPherron, 2002] . And, though different explanations for this UT and semiannual variation in Dst have been proposed [cf. Cliver et al., 2000] , these effects are indisputably present in the Dst magnetic index. This UT variation varies through the year in a way made evident in this analysis of Dst LG by subtracting the daily mean from each the values in Figure 6a , with the result shown in Figure 6b . Here the notable result is a clear, periodic UT variation with n = 1, whose peak shifts approximately 12 h between March and September. This is a clear indication of the varying interaction between Earth's magnetic field and the dominant orientation embedded in the solar wind.
[34] When the study of Dst is limited to disturbed values (< -100 nT), a different picture emerges. To show this in both UT and monthly simultaneously, the mean Dst LG from 1958 to 2006 is determined as above but excluding Dst LG > -100 nT. Those mean values are shown in Figure 7a . Note that, different from the above case, large changes in mean Dst LG with UT are evident in the raw averages through much of the year, with a maximum (least negative values) around 8-10 UT for much of the year. Further interpretation of the UT variation benefits from the subtraction of the mean of the values in the 30 day sliding window, the result shown in Figure 7b . In the resulting values, it is clear that the minimum in Dst LG occurs around 0 UT during most of the year, with a departure from this trend around January and February. This differs from the Russell-McPherron-type (RM-type) variation (i.e., the 12 h shift in the UT dependence between equinoxes), evident in Figure 6b . Further, the amplitude of the UT variation is on the order of 10 nT on any given day, growing to as large as 50 nT in June and July. Such a large UT variation is much greater than the magnitude of the RM-type UT variation and even the larger RM-type semiannual variation.
[35] The remarkable result is that the UT variation in storm time Dst LG is present all year and is larger than any variation that can be ascribed to known variation in the solar wind to magnetosphere interaction. The UT variation accentuated around the June solstice when the UT dependence of the full set of Dst values (and Dst LG ) is at a minimum (Figure 6b ). We therefore find it unlikely that the UT variation found in storm time Dst LG is a result of any heretofore considered drivers of seasonal and UT variations in solar wind-magnetosphere interactions.
[36] Proceeding to examine whether the storm time Dst LG shown in Figure 5 for the GPS era is representative of the similarly determined values for the entire data set going back to 1958, we calculate those values and show them in Figure 8 (green line). The GPS-era Dst LG data show a larger variation but one that is consistent with the long-term trend. The long-term trend falls almost entirely within the standard deviation of the mean Dst LG of the GPS-era values. We therefore find that the storm time Dst LG UT-variation during the 1998-2005 GPS era is likely a result of the same processes that have produced the similar effect in Dst going back to 1958.
[37] There is no previously reported description of this large UT-dependence of storm strength. This finding has originated naturally from an analysis where global TEC data are organized using a Dst cutoff limit, with no regard to storm phase. The remarkable result is that even without a more sophisticated analysis that would, for example, endeavor to organize the Dst and TEC data by storm phase [cf. Katus et al., 2013; Titheridge and Buonsanto, 1988 , the latter using Ap], the TEC data exhibit a variation that is well correlated with the mean storm time Dst LG index. The correlation between the two parameters implies, on average, a relation between storm time ionospheric density and inner magnetospheric pressure, with the magnetosphere following the ionosphere by 3-6 h. This result must be interpreted in the light of recent research efforts, described in section 1, that have already reported that the introduction of enhanced plasma densities in the cusp should lead naturally to greater O + outflow rates. The UT dependence in storm time plasma densities in the region of the auroral cusp, known now from this work, may be connected naturally to conditions in the inner magnetosphere as represented by Dst indices.
Discussion
[38] The analysis presented in this paper finds that during geomagnetic storms, the global mean of afternoon middlelatitude ionospheric TEC exceeds prestorm levels, with the greatest changes occurring between 18 and 24 UT, reflecting a longitudinally prominent SED effect. Similar TEC variation is found in the region of the auroral cusp. In each region, the effect is found here to be larger in the Southern Hemisphere. An earlier study of the storm effect by Coster et al. [2007] found a significant effect in the Northern Hemisphere. This study does find a 30% enhancement in TEC at northern middle latitudes occurring in the same sector as observed by Coster et al. but with lower amplitude (Coster et al. show a change of 35 to 55 TECU, or 60%). It is important to note that the Coster et al. study focused mainly on case studies, as have others which find remarkable effects in the North American sector [e.g., Immel et al., 2005] . This study finds that when all storms of a solar cycle are treated together, the "Coster effect" is twice as large in the Southern Hemisphere than in the Northern Hemisphere.
TEC Results
[39] In light of these remarkable storm time TEC results, it is important to consider the spatial distribution of data used to produce the JPL-TEC maps. These maps are model driven in the southern regions to a greater degree than the north, with larger gaps in ground station coverage of both middle latitudes and the cusp. These gaps are predictable, however, and the ground-based sampling frequency of TEC in the southern cusp has two peaks around 5 and 17 UT, so the significant difference in active/quiet ratios between those times (Figure 4e ) is data driven. Southern-afternoon middlelatitude sampling also has two main peaks, at approximately 4 and 20 UT, so the large difference in active/quiet ratio between those times (cf. Figures 4f and 5) is also data driven.
[40] TEC variation in the vicinity of the southern magnetic cusp demonstrates an effect consistent with middlelatitude contribution to high-latitude TEC, though the TEC maximum in the cusp is broader in UT. Our selection of fixed location of the cusp, independent of known dependence on IMF and activity level [Frey et al., 2003] , may account for the less prominent variation. Another important variable comes from the generally poor chemical environment that the storm time polar thermosphere presents for maintaining high ionospheric plasma densities. For these reasons, a prominent peak at middle latitudes may not lead directly to such a prominent variation near the cusp, even if the SAPS transport is efficient.
[41] For the reasons detailed in section 4, we do not attribute the outstanding ionospheric effects observed in the South American sector to the seasonal and UT variations observed in storm time Dst LG . The question remains, therefore, how this TEC enhancement comes about. The answers may lie in the fact that the magnetic field in this region is the lowest on Earth and may suffer enhanced ionospheric plasma drifts of magnitude |E|/|B|. In the simplest picture, the expansion of magnetospheric fields and SAPS should have more significant effects on the poleward and upward drift of plasma near the South American sector. This is borne out by the geographic TEC active-quiet percent differences (Figure 3a) . This may combine with the 20 ı change in magnetic declination across the South American sector to produce plasma drifts that are unique to this geographic sector, as noted in the earlier work by Titheridge and Buonsanto [1988] . How this develops into a like effect for the Northern Hemisphere and across the Eastern Pacific (see Figure 3a ) that lasts well after sunset is a question that remains to be resolved.
Dst LG Versus TEC
[42] The examination of Dst LG is performed to understand whether the above noted TEC results are possibly influenced by a UT-dependent storm forcing. We find that indeed, the Dst LG values used to tag TEC maps as "active" show a UT variation. Furthermore, there is a significant correspondence between TEC and Dst LG , but the maximum in TEC values leads the Dst LG minimum (maximum in storm ring current) by 3-6 h. This provides a clear indication that the UT-dependent peak in TEC is not directly linked to changes in magnetospheric forcing, insofar as the Dst index provides a proxy for that forcing. Furthermore, the good anticorrelation between Dst LG and time-delayed storm time TEC (r < -0.7 to -0.8) provides an indication that a different relation may exist. It is interesting to consider the possibility that the Dst LG variation is related to the TEC enhancement itself, an enhancement that apparently develops independently of the magnetospheric forcing indicated by Dst LG (and discussed in section 6.1). This bears further investigation, and we suggest a path for such an investigation in the conclusion of this report.
[43] Studies of magnetic storms, whether in hourly magnetic indices or global-scale ionospheric data, suffer for the fact that storm conditions are rare, constituting just 1-2% of all observations of geospace, and each storm is caused by a different set of initial drivers in the solar wind. Furthermore, the storm time mean Dst LG determined only from values below a representative level of storm magnitude, here -100 nT, are derived from a nonnormal distribution of extreme values. Furthermore, this study is limited to only a short period of time where GPS TEC data could be determined. Although we show that the long-term trend in Dst LG is present during this period (Figure 8 ), we have to expect possible bias of significant large storms from this short period of study, which essentially constitutes a portion of a single solar cycle. That said, the mean Dst LG sampling is very good in the 1958-2006 record, with no less than 60 samples in any one of the 30 day mean values shown in Figure 7b . Thus, the UT dependence of storm time Dst is quite clear in the recorded data since 1958. Follow-on work is required to improve the understanding of the events on shorter time scales and to determine improved uncertainty estimates that reflect the bimodal distribution of Dst values about the mean values reported here.
Conclusion
[44] Using continuous, global maps of ionospheric TEC over a 7+ year period, a large-scale longitudinal dependence is found in geomagnetic storm effects in the ionosphere. Geomagnetic storm forcing causes greater enhancement of TEC in the American sector than any other region of the planet, an effect first seen after noon local time and persisting into evening hours. This corresponds to a UT effect in magnetic local time maps, with large and related enhancements in the afternoon and magnetic cusp sectors after 18 UT. The Southern Hemisphere middle latitudes and cusp show the greatest UT effect, with a moderate effect at northern middle latitudes. The morning sector shows no significant UT dependence in either hemisphere.
[45] Remarkably, the Dst LG values used to identify the periods of geomagnetic storms show a similar variation to the TEC at middle latitudes, delayed from that seen in the TEC values by 3-6 h. The interpretation that the UTdependent TEC enhancements are due to a separately driven UT-dependence in Dst LG is deemed unlikely for the fact that it requires an unrealistic delay of 21-18 h between Dst LG storm values being reached and the resultant TEC enhancement. However, the UT dependence in Dst LG bears a significant similarity to the TEC variation, which is (anti-) correlated with the TEC variation when the TEC are shifted forward in time 3 to 6 h. This supports an interpretation of a possible causal relationship, with the TEC enhancement increasing the abundance of plasma available to the polar ion fountain during storms, thus enhancing inner magnetospheric pressures and the Dst index. Variation in the Dst LG index believed to originate in variation in the interaction between the solar wind and magnetosphere does not have the characteristics of the variation seen in the active Dst LG index.
[46] JPL-TEC maps are only available for one full solar maximum, and so with a relative dearth of data (compared to Dst), it is necessary to determine mean TEC without consideration of all storm phases and seasonal variations. Even so, a remarkable enhancement in mean TEC is found, as large as 30-50% in the Southern Hemisphere. As the available data from global navigation satellite systems (GNNS) networks increase, it will be possible to further elucidate specific storm effects. This will be important, for at the writing of this report, the number of hours during which Dst values are found < -100 nT has grown little since 2006. More TEC measurements may allow for determination of storm effects at lower Dst thresholds (-100 nT for this report).
[47] To resolve the issues with the relatively short time period used for this report, a follow-on study that implements numerical models to capture elements of the I-T coupling and magnetospheric inputs occurring during storms that affect TEC is necessary. The goals of that study are focused first in a manner that elicits better understanding of the TEC enhancements and whether the behavior can be ascribed to the low |B| and large change in magnetic declination of the South American sector. The effort should concentrate on (1) the degree to which the numerical models reproduce the measured results, (2) the mechanisms that underlie the longitudinal variation in the storm enhancement, and (3) the degree to which the middle-latitude enhancements are connected to high-latitude enhancements. The Global Ionosphere-Thermosphere Model (GITM) [Ridley et al., 2006] is currently being used to investigate these questions, using convection patterns that reflect storm time middle-latitude disturbances [Ridley and Liemohn, 2002] .
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